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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 
Machining of thin-walled workpieces is a popular issue due to its static and dynamic displacements during machining. It is required 
to set machining conditions sufficiently considering the vibration characteristics of the workpiece. An automatic on-machine 
system to measure the dynamic stiffness of the workpiece enables a reliable and frequent measurement. In this study, an on-machine 
measurement device for workpiece dynamic stiffness is evaluated. The cause of the difference in natural frequency between the 
on-machine measurement method and impact test is investigated. The influence of the additional mass by a shaker and 
accelerometer on the natural frequency is investigated using the Rayleigh-Ritz method. A cutting test is conducted to verify whether 
appropriate cutting conditions can be set from the measurement results of the on-machine dynamic stiffness measurement. The 
natural frequency difference between the on-machine measurement method and impact test was caused by the additional mass by 
the contact of the piezoelectric actuator. When the additional mass is 5% or less of the workpiece equivalent mass, the difference 
in natural frequency was as small as 10 Hz or less. In the cutting test using the workpiece with the sufficiently large mass, the 
compliance between the on-machine measurement method and impact test was comparable. When the forced vibration was small, 
the stability limit was correctly estimated from the on-machine dynamic stiffness measurement. 
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1. Introduction 
Machining of thin-walled workpieces is a popular issue due 
to its static and dynamic displacements during machining. It is 
required to set machining conditions sufficiently considering 
the vibration characteristics of the workpiece. Thus, the 
dynamic stiffness measurement of workpiece is important in 
machining process for improving machining efficiency and 
accuracy [1, 2].  
The dynamic stiffness measurement requires an excitation 
device with a force sensor and an instrument to measure the 
response of the workpiece. In general, an accelerometer is used 
for the response sensor. For example, in the modal analysis of 
a fan case of an aircraft engine, the measurement is performed 
using an impact hammer and accelerometers [3]. However, it 
takes a lot of time and manpower for the sensor set up because 
of a large number of accelerometer attachment points. 
Moreover, the reliability of the measurement result depends on 
the operator’s skill. Since the vibration characteristics of the 
workpiece changes with the change in the workpiece thickness 
during machining process from rough machining to finishing, 
it is necessary to repeat the same test. An automatic on-machine 
system to measure the dynamic stiffness of the workpiece 
enables a reliable and frequent measurement. 
Therefore, we proposed Displacement Sensorless Piezo 
Excitation method for stiffness measurement (DSPE method) 
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Abstract 
Machining of thin-walled workpie es is a p pular issue due to its stati  and dynamic displacements during m chining. It is required
to s t machining con itions sufficiently considering the vi ration characteristics of the wo kpi ce. An au omatic 
system to measure the dynamic stiffness of the workpiece n bles a reliable and frequ nt m asur me t. In this study, an on-machin
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1. Introduction 
Machini g of thin-walled workpieces is a popular issue due
to its static and dynamic displacements during machining. It is
required to set m chining onditions sufficiently considering
the vibration characteristics of the workpiece. Thus, the
dynamic stiffness measurement of workpiece is important in
machining process for improving machining efficiency and 
accuracy [1, 2].  
The dynamic stiffne s measurement requires an excitation
device with a force sensor and an instrument t  measure the
response of the workpiece. In general a  accelerometer is used
for the response sensor. For example, in the modal analysis of 
a fan case of n aircraft engine, th  measurement is performed
using an impact h mmer and acceleromet r  [3]. However, it
takes a lot of time and manpower for th  sensor set up because
of a large number of accelerometer attachment points.
Moreover, the rel ability of t  measurement result depends on
the o erator’s skill. Since the vibration characteristics of the
workpiece changes with the change in the workpiece thickness
duri g machining rocess from rough machining t  finishing,
it is necessary to repeat the same test. A  automa ic on-machin
system to measure the dynamic stiffness of the workpiece 
enabl s a reliabl and frequent measurement. 
Therefore, we proposed Displ cement Sensorless Piezo
Excitation method for stiffness measurement (DSPE method) 
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[4]. DSPE method is a dynamic stiffness measurement method 
which does not require a response sensor on the workpiece. The 
displacement of the workpiece is estimated using an equivalent 
mechanical model of the piezoelectric element. A prototype of 
the on-machine measurement device has been developed. The 
obtained dynamic compliance was comparable to that with the 
Piezo Excitation method (hereinafter referred to as PE method) 
using the same prototype, which is a conventional dynamic 
stiffness measurement method [5, 6]. However, the compliance 
measured with impact test and that with PE method differed in 
natural frequency of the workpiece. 
In this paper, the developed on-machine measurement 
device is evaluated. The cause of the difference in natural 
frequency between PE method and impact test is investigated. 
The measurement system model is constructed using the 
Rayleigh-Ritz method. The influence of the additional mass by 
a shaker and accelerometer on the natural frequency is 
investigated. In addition, a cutting test is conducted to verify 
whether appropriate cutting conditions can be set from the 
measurement results of the on-machine dynamic stiffness 
measurement. 
2. Dynamic stiffness measuring device and measuring 
method 
Figure 1 shows the experimental setup of PE method. An 
excitation device is attached to the spindle using the tool holder. 
The shaker is composed of a cylindrical jig, a piezoelectric 
actuator, and a force sensor. 
In the measurement, a free end of a plate workpiece is 
excited with the shaker. The excitation force is measured with 
a force sensor (Kistler) attached to the shaker. The acceleration 
of the shaker and workpiece is measured with attached 
accelerometers (PCB Piezotronics). From the measured 
excitation force and the acceleration of the workpiece, the 
accelerance is obtained by H1 estimation. The measured 
accelerance is integrated to obtain the compliance. The 
accelerometer attached to the shaker is used to confirm that the 
vibration of the shaker is sufficiently smaller than that of the 
workpiece. A metal shield type piezoelectric actuator  
 
Fig.2. Schematic view of piezoelectric actuator 
(TOKIN) is used for the actuator.  
3. Comparison between model by energy method and 
experiment 
3.1. Decrease of natural frequency by additional mass 
In our previous research [4], the dynamic stiffness 
measurement of cantilevered plates was conducted. The natural 
frequency of the primary bending mode measured with PE 
method was lower than that measured with the impact test. In 
this section, the cause of this difference is investigated. 
In PE method, the excitation is performed while the tip of 
the actuator contacts with the workpiece. In such case, the mass 
of the shaker can affect the measurement result [4]. The natural 
frequency of the workpiece can be decreased by the additional 
mass on the free end. When the additional mass is constant, the 
decrease rate of the natural frequency should vary depending on 
the equivalent mass of the workpiece. 
Therefore, the natural frequencies are calculated by the 
Rayleigh-Ritz method for three types of workpieces with 
different masses. The excitation experiment is conducted to 
compare the experimental result and analytical calculation. It 
verifies that the mass of the actuator tip acts as an additional 
mass and causes the difference between the natural frequency 
of PE method and impact test. 
3.2. Vibration analysis of cantilever beam by Rayleigh-Ritz 
method 
Figure 2 shows a schematic view of the measurement in PE 
method. A cantilever plate is excited in this experiment. The 
plate is approximated to a cantilever beam for simplicity 
because this paper focuses on the first order bending vibration. 
The piezoelectric actuator has a multilayer piezoelectric 
element covered by the metal case. The metal case consists of 
a stainless steel cap and bellows. The mass of an accelerometer, 
the piezoelectric element, the cap, and the bellows acts as an 
additional mass on the cantilever in the model of PE method. 
In the model of the impact test, only the mass of the 
accelerometer is taken into account. 
The mass of the cap, bellows and piezoelectric element are 
2.97 g, 0.99 g and 4.80 g, respectively. The size of the 
piezoelectric element is 5 mm × 5 mm × 20 mm, and the 
maximum displacement is about 17 μm. The sizes of three 
workpieces A to C excluding the fixed part are as follows; A: 
100 mm × 100 mm × 5 mm, B: 70 mm × 100 mm × 5 mm, C: 
65 mm × 50 mm × 5 mm. The workpiece material is carbon 
steel S50C. The accelerometer position and the excitation 
position are the center of the plate and 6 mm apart from the free 
end. The mass of the accelerometer is 7.74 g. 
When the additional mass 𝑚𝑚��� is attached to the workpiece 
and the distance between the mass and workpiece free end is 𝑥𝑥�, 
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where 𝐸𝐸 is the elastic modulus of the workpiece, 𝐼𝐼 is the second 
moment of inertia, l is the length of the beam, 𝜌𝜌 is the density, 
A is the cross sectional area, 𝑙𝑙� the length of the piezoelectric 
element, 𝜌𝜌�  is the density of the piezoelectric element, 𝐴𝐴� the 
cross sectional area of the piezoelectric element, u is the 
displacement of the tip. The displacement of the tip equals to 
the displacement of the workpiece in the result of a preliminary 
experiment. Thus, the deflection of the cantilever 𝑦𝑦 = u.  
Also, the maximum strain energy 𝑉𝑉  is expressed by the 
following equation; 
𝑉𝑉 = �





 𝑑𝑑𝑑𝑑��                              (2) 
When the concentrated load 𝑃𝑃 acts on the free end, the static 














�                             (3) 
Eq.(3) is substituted into Eq.(1) and (2). The natural 
frequency 𝜔𝜔 is obtained when 𝑇𝑇 = 𝑉𝑉. 
3.3. Experimental method and results 
In the excitation experiment, a sinusoidal voltage was input 
to the piezoelectric actuator. The preload of 100 N was given 
to the workpiece and the piezoelectric actuator using the feed 
of the machine tool. The frequency of the input voltage was 
swept from 1 Hz to 1200 Hz for 30 s. The sampling frequency 
was 15 kHz. The impact test was carried out using an impact 
hammer (PCB Piezotronics) and the accelerometer. 
Table 1 shows the natural frequencies obtained from the 
analytical calculation and excitation experiments for each 
workpiece. Figure 3 shows the relationship between the natural 
frequency difference between the impact test and PE method 
and the equivalent mass of the workpiece. In both of 
experimental and analytical results, a larger frequency 
difference between the impact test and PE method is observed 
for a smaller equivalent mass of the workpiece. This result 
indicates that the tip of the actuator acts as an additional mass. 
The additional mass in the analytical calculation is 4.90 g in 
PE method. When the additional mass is 5% or less of the 
equivalent mass, the difference in natural frequency is as small 
as 10 Hz or less. Therefore, in this paper, the equivalent mass 
is sufficiently large and the influence of additional mass is 
small in case of Workpiece A. Figure 4 shows the measured 
compliance of Workpiece A. It shows that similar results are 
obtained by PE method and impact test. Furthermore, the 
compliance measured with DSPE method corresponds well 
with that of the PE method. Therefore, DSPE method is 
comparable to the conventional shaker test and impact test. 
Table 1. Natural frequency of workpieces 
 Workpiece A B C 
Measured 
frequency (Hz) 
Impact test 284 820 889 
PE method 286 790 835 
Calculated 
frequency (Hz) 
Impact test 283 814 960 
PE method 279 791 911 
 
Fig.3. Relationship between equivalent mass and natural frequency 
difference between PE method and impact test 
 
 
Fig.4. Compliance of workpiece for 200-350 Hz. 
4. Cutting test 
The validity of the on-machine dynamic stiffness 
measurement in the decision of cutting conditions is verified. 
From the dynamic stiffness measured with PE method and 
impact test, a stability limit is calculated by the method 
proposed by Y. Altintas, et al [8]. In addition, a cutting test was 
carried out using Workpiece A to obtain the stability limit and 
compared with the calculation result. 
Figure 5 shows the setup of the cutting test. A side cutting 
using an end mill was carried out. The axial depth of cut was 
continuously varied from 5 mm to 0 mm. Table 2 shows cutting 
conditions. The spindle rotation speed was set under each 
condition in the range of 1000 - 3200 min-1. 
The vibration during cutting was measured with a 1-axis 
accelerometer to determine the stability limit. The workpiece 
displacement was obtained by integration. The amplitude 
spectrum of the workpiece displacement is obtained every 0.1 s 
during cutting. When the amplitude of the components at 
frequencies other than the tooth passing frequency and its 
harmonics exceeds a threshold, the axial depth of cut at the 
moment is determined to the stability limit. The threshold was 
set to 5 μm in this experiment.  
Figure 6 shows the experimental and analytical stability 
limit diagrams. Based on the results of preliminary experiments, 
the cutting force coefficients 𝐾𝐾� was set as 2588 MPa and the 
component of force ratio 𝐾𝐾�  was set as 0.48. The qualitative 
trends of the stability analysis result and the cutting experiment 
result are similar, but the critical depth of cut has a difference. 
In this study, the stability analysis focused only on the bending 
mode of the workpiece. An analysis considering the influence 
of the torsional mode is required. Additionally, since the cutting 
test was conducted with the low stiffness workpiece and the 
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intermittent. The difference of the stability limit can be caused 
by the change of the tool-workpiece dynamic characteristic 
depending on the tool contact condition. 
Table 2. Experimental condition of cutting test 
Tool Type Square endmill 
Material Carbide 
Number of tooth 4 
Diameter mm 14 
Milling direction Down cut 
Coolant Dry 
Radial depth of cut mm 0.1 
Axial depth of cut mm 0-5 
Feed rate mm/min-1 400-1300 
Spindle Speed min-1 1000-3400 












Fig.5. Experimental setup for cutting test 
 
 







The developed on-machine measurement device of the 
workpiece dynamic stiffness is evaluated. The cause of the 
difference in the natural frequency between PE method and 
impact test is investigated. The validity of the on-machine 
dynamic stiffness measurement in the decision of cutting 
conditions is verified. From this study, the following 
conclusions are obtained. 
(1) The natural frequency of the system was calculated 
using Rayleigh-Ritz method. The comparison between 
the calculation and experiment showed that the natural 
frequency difference between PE method and impact 
test is caused by the additional mass by the contact of 
the piezoelectric actuator. When the additional mass is 
5% or less of the workpiece equivalent mass, the 
difference in natural frequency is as small as 10 Hz or 
less. 
(2) In the cutting test using the workpiece with the 
sufficiently large mass, the compliance between PE 
method and impact test is comparable. The stability 
limit was estimated from the on-machine dynamic 
stiffness measurement.  
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